The Mesoamerican Reef, the second-largest barrier reef in the world, is located in the western Caribbean Sea off the coasts of Mexico, Belize, Guatemala, and Honduras. Particularly in the south, the surrounding watersheds are steep and the climate is extremely wet. With development and agricultural expansion, the potential for negative impacts to the reef from land-based runoff becomes high. We constructed annually resolved century-scale records of metal/calcium ratios in coral skeletons collected from four sites experiencing a gradient of land-based runoff. Our proxy data indicate that runoff onto the reef has increased relatively steadily over time at all sites, consistent with land use trends from historical records. Sediment supply to the reef is greater in the south, and these more exposed reefs will probably benefit most immediately from management that targets runoff reduction. However, because runoff at all sites is steadily increasing, even distal sites will benefit from watershed management.
Introduction
Land use in Mesoamerica is following the trajectory seen in many locations worldwide: as population increases, development increases and agricultural areas expand into native habitat (Fig. 1) . Agricultural intensification and development are usually associated with increased erosion and sediment-laden runoff (Matson et al., 1997) . Land-use change tends to increase both the amount of freshwater runoff and the sediment content of that runoff (Foley et al., 2005) . Indeed, Burke and Sugg (2006) modeled runoff between natural land cover and the altered land cover in the watersheds surrounding the Mesoamerican Reef in 2004, and found a doubling of overall freshwater runoff and a 20-fold increase in the amount of sediment eroded, as well as much higher levels of nutrient runoff as well. Here we use the term runoff to encompass both of these possible scenarios (an increase in the total amount of freshwater discharge and an increase in the amount of contaminants in that discharge), which are not mutually exclusive. Burke and Sugg (2006) and Thattai et al. (2003) also showed that the majority of sedimentation and nutrient runoff in the region originates in Honduras, while Kok (2004) showed that agricultural expansion of many products in Honduras is concentrated in watersheds draining into the Gulf of Honduras. Therefore, we would expect runoff impacts to the reef to be higher in the south, and to have increased over time.
Runoff from land can have deleterious effects on corals. Sediment particles may smother and abrade the coral animal, and suspended matter reduces light incidence and photosynthesis in the coral's algal symbionts (Dodge and Vaisnys, 1977; Rogers, 1990) . Sedimentation can lead to reduced skeletal growth rates (Dodge and Vaisnys, 1977) , reduced fecundity (Kojis and Quinn, 1984) , and changes in community structure (Rogers, 1990) . Heavy metal pollution from runoff is also a concern for corals. For instance, Negri and Heyward (2001) found that copper and tributylin inhibit fertilization and larval metamorphosis in Acropora millepora, and Richmond (1993) and Peters et al. (1997) both reviewed several studies that found negative effects due to metal exposure, including coral bleaching (the loss of symbiotic algae) and death. Coral health in Mesoamerica has recently declined, as shown by growth rates (Carilli et al., in press) and ecological surveys (McClanahan et al., 1999; McField, 1999) . Therefore, we were interested in investigating the link between coral reef health and changes in runoff as documented in both historical records and coral proxy records recovered from geochemical time-series.
We used drill cores from massive corals heads to document temporal trends in runoff to the reef system. Scleractinian corals can live for hundreds of years and continuously record changes in the marine environment in their aragonitic skeletons. Annual density banding in corals allows accurate time control on reconstructions (Knutson et al., 1972) , and many studies have utilized corals for paleoclimatic and paleoenvironmental reconstruction, measuring stable isotopes (Dunbar et al., 1994; Cobb et al., 2003 , Marion et al., 2005 and metals that substitute into the CaCO 3 matrix (Smith et al., 1979; Hanna and Muir, 1990; Bastidas and Garcia, 1999; Fallon et al., 2002; David, 2003; McCulloch et al., 2003; Ramos et al., 2004; Fleitmann et al., 2007; Lewis et al., 2007; Prouty et al., 2008) . Although the coral calcification mechanism and therefore the exact pathway of metal substitution in the aragonite matrix are still under debate (Cohen and McConnaughey, 2003) , empirical studies have shown that corals appear to faithfully record relative metal concentrations in the surrounding seawater (Runnalls and Coleman, 2003; Correge, 2006) .
In this paper we extend the temporal records of seven metals that Prouty et al. (2008) found to be well suited as indicators of environmental change in Montastraea faveolata from four sites on the Mesoamerican Reef: Turneffe Atoll, the Sapodilla Cayes, Utila, and Cayos Cochinos (Fig. 2) . Here we present annually-resolved, century-scale records of Ba/Ca (barium), Mn/Ca (manganese), Cr/Ca (chromium), Sb/Ca (antimony), Cu/Ca (copper), Pb/Ca (lead) and Zn/Ca (zinc) ( Table 1) . Our sites span a gradient of hypothesized land-based influence, with higher runoff impacts in the south and lower impacts towards the north and farther from land (Burke and Sugg, 2006; Chérubin et al., 2008) . Records of trace metal variation were constructed over the past 100-150 years to investigate how land-based runoff has changed over this time period. In addition, water samples were collected from offshore transects and all metals were analyzed and compared to maps of chlorophyll-a to investigate spatial patterns related to coastal runoff.
Background
The selected metals are indicators of a variety of land-based sources ranging from terrigenous sedimentation to mining waste. Coral Ba/Ca ratios have been used as tracers of sediment runoff, since Ba desorbs from terrigenous particles when fresh and saltwater mix (Alibert et al., 2003; McCulloch et al., 2003; Fleittman et al., 2007) . Mn tracks primary productivity, which would be influenced by nutrient delivery from rivers and therefore also reflect variations in terrestrial runoff (Abram et al., 2003; Alibert et al., 2003) . The other metal/Ca ratios can also indicate impacts due to land-based activities. For instance, Fallon et al. (2002) used coral records of Zn, Pb, and Mn and David (2003) analyzed Cu, Mn, and Pb to investigate runoff from mines adjacent to coral reefs. In the Mesoamerican Reef, Prouty et al. (2008) found higher Sb/Ca and Cu/Ca ratios in coral samples collected from the Honduran sites, and suggested that these elevated concentrations may be due to copper-antimony antifouling paint used on industrial and recreational ships in the Gulf of Honduras. They also suggested that Pb/Ca and Zn/Ca ratios, which were elevated at Utila compared to other sites, may represent the influence of runoff from El Mochito mine, the largest Pb/Zn mine in the region, via the Rio Ulua that drains into the Gulf of Honduras.
Materials and Methods

Coral collection
M. faveolata cores were collected from four sites on the Mesoamerican Reef: Turneffe Atoll and the Sapodilla Cayes in Belize, and Utila and Cayos Cochinos in Honduras (Fig.  2 ). Cores were collected vertically using a 5-cm diameter stainless steel and brass core barrel with carbide cutting teeth driven by a reversible air-powered drill. Tissue was removed using a water-pik and cores were rinsed in freshwater and air dried. Upon return to Scripps Institution of Oceanography (SIO) in La Jolla California, an 8-mm thick slab was removed from the middle of each core section using a carbide-tipped doublebladed table saw lubricated with freshwater. Slabs were x-rayed at Thornton Hospital to reveal annual density banding (Knutson et al., 1972) . One core from each site was chosen to construct annual-scale time series of metal contamination, assuming local-scale homogeneity (e.g., colony and reef scale) for the given element analyzed (Prouty et al., 2008) .
3.2 Sample preparation Digital x-rays were printed and taped to each core to guide sampling of individual yearbands (average annual extension rate is about 8 mm). A band saw with a thin (~0.5 mm wide) steel blade was used to cut annual blocks along the length of each core, from the top of one annual high-density band to the top of the next. The high-density skeleton tends to form in late summer-fall in M. faveolata in this region (Cruz-Piñón et al., 2003) and therefore each annual band represents approximately October of one year to September of the next year.
Standard trace-element protocols for cleaning Teflon labware and preparing samples for analysis were conducted in a class-100 clean room at SIO (initial cleaning) and Woods Hole Oceanographic Institution (WHOI) in Woods Hole Massachusetts (sample analysis). Coral samples were cleaned to remove surface contamination and nonaragonitic-lattice bound phases using a method modified from Shen and Boyle (1988) , Guzman and Jarvis (1996) and Bastidas and Garcia (1999) . The pre-cleaning procedure involved a coarse crush, ultrasonicating three times at 10-minute intervals in quartzdistilled MilliQ 18 MΩ deionized water. All cleaning solutions were prepared using this ultra-clean water. Samples were next leached in 0.015 N HNO 3 for 20 minutes. The cleaning procedure included a sequence of oxidizing, reducing, and leaching steps with multiple rinses and ultrasonication between. Finally, samples were dried and homogenized using an agate mortar and pestle and sieved with a polypropylene sieve to assure that the particle size was less than 700µm. Powdered samples were stored in acidwashed polypropylene vials until analysis at WHOI.
Sample analysis
Prior to analysis, approximately 1 mg of homogenized coral aragonite powder was weighed out and dissolved in 4 ml 2% Seastar ultrapure HNO 3 spiked with 0.1 ppb of an indium (In) standard using MilliQ 18 MΩ deionized water. Samples were dissolved in clean Teflon vials for at least 12 hours on a shaker table to maximize carbonate dissolution. This dilution yielded a Ca concentration of approximately 100 ppm to minimize between-sample differences associated with matrix-induced mass discrimination (Rosenthal et al., 1999) . The In spike served as an internal standard to facilitate corrections of instrument drift and sample matrix effects. Typical sensitivity was ~1 x 10 6 counts per second per 0.1 ppb In. Analytes were pipetted to 0.5 ml Teflon vials for analysis. Trace element analysis was conducted using a Finnigan Element2 highresolution double focusing magnetic sector-field inductively coupled plasma mass spectrometer (HR-SF-ICP-MS) at WHOI. Details regarding sample analysis can be found in Prouty et al. (2008) . The limits of detection (LOD) were calculated as three times the standard deviation of the counts per second of the blanks (Zacherl et al., 2003) . We calculated the average signal strength as LOD % for our samples by computing the ratio of the average unknown and external and internal standard counts per second to the LOD for each metal (Table 2) .
3.4 Seawater samples Seawater samples were collected from 0.5 m depth for metal/Ca analysis on two transects from Cayos Cochinos towards the coastline (Fig. 3) . Four samples were collected on each transect and were filtered with 0.7 µm glass fiber filters to remove suspended solids. The filtrate was collected in 500 ml acid-washed polyethelene bottles and stored refrigerated and non-acidified until analysis for metal/Ca.
Seawater samples were diluted in a 1:20 seawater: 2% Seastar HNO 3 ratio and spiked with 0.1 ppb In. An aliquot of one sample was used to add a multi-element standard in multiple concentrations from 5-200 ppm. Analytes were pipetted to 0.5 ml Teflon vials for analysis. Seawater samples were run in the following sequence: alternating single unknowns and blanks, then alternating multi-element solution standards and blanks.
Chlorophyll-a concentrations
Chlorophyll-a may reflect the influence of nutrients delivered from coastal runoff in nonupwelling regions (Furnas et al., 2005) . Therefore, differences in chlorophyll-a concentrations between sites were compared using monthly-averaged satellite-derived data spanning October 1997 to October 2007, obtained from the Sea-viewing Wide Fieldof-view Sensor (Sea-WiFS) from NOAA Coastwatch (O'Reilly et al., 1998) . The mapped monthly averages from June 16 th -July16 th 2007 were also obtained from SeaWiFS to compare to seawater samples, which were collected during that time period.
3.6 Data analysis Coral metal/Ca ratios are non-normal and no transformation satisfied the assumption of normality. Statistical tests were performed using R software (R Core Development Team, 2005) . Metal/Ca ratios were tested for significant differences between sites using pairwise permutation tests. To investigate temporal trends at each site, data were smoothed using a kernel smoother with a bandwidth of 50 years, and then a linear model was fit to the smoothed data to determine if year was a significant predictor of the smoothed metal/Ca. We also binned data into decades and calculated the median value. We also tested for trends in these decadal medians by fitting a linear model to those data.
Results and Discussion
Seawater Both transects show decreasing Ba/Ca with distance from the coast (Fig. 3C ). Transect T, from near the mouth of the Aguan towards the west, has the steepest slope as well as the highest concentration at the second sampling site. Mn/Ca seawater concentrations (not shown) have a similar pattern to Ba/Ca. The chlorophyll-a concentrations during the month of seawater sample collection were highest near the coast and decreased away from land (Fig. 3A) , indicating that land-based runoff provides nutrients in this region needed to stimulate algal growth. Seawater Ba/Ca and Mn/Ca also have a similar pattern to the chlorophyll-a concentrations (Fig. 3) . The pattern of decreasing Ba/Ca and Mn/Ca with distance from the coast and similarity with the chlorophyll-a concentrations is consistent with the idea that these metal/Ca ratios represent fluvial runoff enriched in terrestrial sediment and nutrients.
Coral samples
Overall differences in metal concentrations between sites through time preserve the same rank order as in the replicate core-top samples observed by Prouty et al. (2008) , with Turneffe consistently having the lowest levels of metals (Fig. 4,5 , Table 3 ). Sapodilla Cayes has the highest influence from terrestrial runoff based on Ba/Ca ratios, followed by Cayos Cochinos, Utila, and Turneffe Atoll. Sapodilla Cayes also has the highest levels of Sb/Ca compared to all other sites. For several metals, there is no statistical difference between the Sapodilla Cayes and Cayos Cochinos, but both of these sites are enriched in Cr/Ca, Cu/Ca, Mn/Ca, Pb/Ca, and Zn/Ca compared with Utila and Turneffe, which are not significantly different from one another for Pb/Ca and Zn/Ca (Table 4) . These rankings, with higher runoff affecting the sites in the south (Sapodilla, Utila, and Cayos Cochinos), and those closest to land (Sapodilla and Cayos Cochinos) agree with average chlorophyll-a concentrations (Fig. 5) , and also the expected pattern of the highest metal/Ca ratios at sites closest to the main sources of runoff in Honduras (Burke and Sugg, 2006; Chérubin et al., 2008) .
Metals that have significant (p<0.05) increasing baseline trends, based on both smoothed and binned data, are noted in Table 5 . Ba/Ca increases over time at all sites, indicating that sediment delivery to the reef has increased over the past 100-150 years, and this increase appears to have been steady (Fig. 4) , similar to increases in land use and development adjacent to the reef (Fig. 1) . All other metals have increasing trends at one or more sites. However, although the rank difference between sites is maintained, not all metals have increasing trends. Note that the large peaks in some metals throughout the records may stem from actual large pulses of contaminated runoff, sampling intermittent particles enriched in a particular metal, or analytical noise associated with high limits of detection in relation to the metal abundance. Therefore, instead of interpreting individual peaks, we focus our interpretation on the trends of the metal baselines calculated from either smoothed or binned data as these time-series are more robust to statistical analysis (Table 5 and Fig. 4b ).
Records of river discharge and rainfall for the region are somewhat sparse in both space and time. Monthly average river discharge from gauge stations along three major rivers in Honduras (the Ulua, Chamelecon, and Aguan) are plotted in Fig. 6 (see Fig. 7 for station gauge locations). The longest rainfall records for the region, from Belize City and Guatemala City, are also plotted for comparison (Fig. 6) . A thorough investigation of trends in the climatology and hydrology of this region is beyond the scope of this study, however simple linear regressions through each of these records indicates a lack of consistent trends: about half of the river discharge records have an increasing trend, while half have a decreasing trend. Similarly, rainfall at Guatemala City has a decreasing trend, while that at Belize City has an increasing trend. However, the large amount of annual rainfall (regional average ~200 cm), and relatively small interannual variability (standard deviation ~30 cm) suggest that these trends are probably insignificant. Our metal/Ca records may instead be more robust measures of overall runoff affecting the Mesoamerican Reef, as these records average runoff impacts over both time and space, as opposed to the river discharge and rainfall measurements which may contain biases due to unrepresentative catchment behavior. Chérubin et al. (2008) modeled the advection of runoff plumes across the Mesoamerican Reef. They found that runoff mainly originated from Honduras, but plumes were advected in a counterclockwise gyre around the reef. This mixing of runoff over the reef may explain the similar trends in Ba/Ca across sites: the runoff is all originating from the same location, but the signal is diluted with greater distance from the main source: the Gulf of Honduras. The other metals may be more affected by localized conditions, such as scavenging by particles or biological activity.
Increasing runoff may be negatively affecting corals at the Sapodilla Cayes, which experiences the highest levels of sedimentation, according to the relative Ba/Ca concentrations. Long-term records compiled from multiple coral colonies from each site show declining growth rates at the Sapodilla Cayes beginning in the 1970's (Carilli et al. in press ). In addition, by the time cores were collected in 2006 and 2007, corals at this site had not yet recovered from growth suppression due to a severe bleaching event in 1998 (Carilli et al. 2009 ). These growth effects reflect sublethal chronic stress, probably due to the negative impacts of increasing runoff at this site. While these studies investigated Montastraea faveolata corals, increasing runoff is expected to negatively influence other massive corals or those less resistant to sediment stress as well.
Conclusions
These century-scale coral geochemical records indicate that as development and agriculture expand in Honduras, Guatemala, and Belize, the adjacent reef system is experiencing higher levels of runoff. In addition, these records confirm that runoff impacts are concentrated near the main input sources in the south. The Sapodilla Cayes and Cayos Cochinos, the two sites that experience the highest runoff impacts, are both marine reserves. However, designation as a marine reserve does not necessarily influence the amount of runoff entering the reserve. Given previous work showing riverreef connectivity in the Meso-American Region (Andréfouët et al., 2002; Chérubin et al. 2008; Paris and Chérubin, 2008; Soto et al., 2009 ) and the deleterious effects on corals from sedimentation and heavy metals (Rogers, 1990; Peters et al., 1997) , we suggest that efforts should be focused on reducing runoff from the land into these marine protected areas. Examples of measures to reduce the impact of land-based runoff include replanting mangroves to trap sediment and attached pollutants at the coast, maintaining vegetative barriers along waterways to prevent eroded material from entering the drainage system, and terracing steep hillsides to reduce soil erosion.
Although more distal sites like Turneffe and Utila experience lower overall amounts of runoff, the steady increase in land development and associated runoff across the entire reef shows that without changes in land use practices, these reefs will likely become more degraded in the future. Because local impacts such as sedimentation and nutrient loading likely reduce a coral's thermal tolerance, the combination of increasing runoff and water temperatures is likely to be devastating for the future of coral reefs (Knowlton and Jackson, 2008; Wooldridge, 2009) . Therefore, reducing local impacts such as runoff may increase the likelihood of corals surviving into the future. 
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